Background The Bernese periacetabular osteotomy (PAO) is commonly used to surgically treat residual acetabular dysplasia. However, the degree to which function and radiographic deformity are corrected in patients with more severe deformities that have undergone previous reconstructive pelvic or femoral osteotomies is unclear. Questions/purposes We evaluated hip pain and function, radiographic deformity correction, complications, reoperations, and early failures (conversion to THA) associated with PAO in hips treated with previous reconstructive hip surgery. Methods We retrospectively reviewed 63 patients who had undergone 67 PAOs after a previous reconstructive hip procedure. We compared preoperative hip scores and radiographic parameters with postoperative values at most recent followup. We recorded complications, need for nonarthroplasty revision surgery, and failures. Minimum followup was 2 years.
Introduction
Since its initial description by Ganz et al. [13] , the Bernese periacetabular osteotomy (PAO) has been increasingly used to treat symptomatic acetabular dysplasia [8] . Numerous reports document the ability of this procedure to improve femoral head coverage, decrease acetabular inclination, and medialize the hip center of rotation [5, 7, 10, 20, 25, 30, 31] . Additionally, improvement in hip pain and function scores occurs in 73% to 97% of patients [5, 7, 11, 20, 25, 30, 31] . The indications for PAO continue to expand as the interest and utilization of this procedure continue to grow, with several authors combining PAO with other procedures such as surgical dislocation [1] and proximal femoral osteotomy (PFO) [9] for the treatment of complex structural hip deformities.
While PAOs in most series were performed in isolation for the correction of untreated acetabular dysplasia, some patients in these series had reconstructive hip surgery before their PAO [5, 7, 10, 20, [23] [24] [25] 31] . Mayo et al. [21] reported on 19 hips that underwent PAO after a previous reconstructive hip surgery and, compared with a control group of PAO-only patients, found no difference in improvement in hip scores or failures at followup times of 26 to 85 months. Hips with prior reconstructive procedures can be more challenging to treat due to retained hardware, scar tissue, osteotomy deformities, abductor compromise, and potential compromised blood supply from perivascular and muscular stripping during previous surgical procedures. However, current information is inadequate to determine the effect of previous reconstructive hip surgery on measurable outcome parameters in patients undergoing PAO.
We therefore analyzed (1) hip pain and function (Harris hip score [HHS]), (2) radiographic deformity correction, (3) complications, (4) need for subsequent surgery, and (5) early failures associated with PAO in hips treated with a previous reconstructive procedure (shelf, pelvic, and/or femoral osteotomy).
Patients and Methods
We performed a total of 741 PAOs in 712 patients for symptomatic acetabular dysplasia from October 1, 1997, to May 15, 2008 . We reviewed the clinical records from these patients to identify all hips that had a previous reconstructive hip procedure before the index PAO. Of these 712 patients, we identified 74 patients (78 hips) who underwent a previous reconstructive hip surgery (shelf procedure, pelvic osteotomy, PFO, or combination thereof). Eleven patients (11 hips) with less than 2-year followup were not available for evaluation and could not be located despite extensive efforts. The average followup of these 11 patients was 13 months (range, 0-22 months). Two of these 11 patients never returned after their procedure; nine returned and none of these had failed treatment or had a complication at the time of last followup. Excluding these 11 patients, the remaining 63 patients (85%) (67 hips) had a minimum of 2 years of clinical and radiographic followup. One patient did not have a preoperative HHS, but this patient was included in the analysis. Four patients had staged bilateral PAO procedures. Twenty-nine procedures were performed at hospitals affiliated with Washington University School of Medicine (JCC, PLS), while 38 of these procedures were performed at Children's Hospital Boston (YJK, MBM). There were 52 female patients and 11 male patients, and the average age at the time of surgery was 19.2 years (range, 10-40 years). The average BMI was 23 (range, . The minimum followup was 24 months (average, 59 months; range, 24-147 months). The review of the data included in this study was approved by the institutional review board at each institution (Washington University School of Medicine and Children's Hospital Boston).
The preoperative diagnoses in the 67 cases performed included isolated hip dysplasia in 49 hips, while the remainder of cases involved hip dysplasia in addition to one of the following diagnoses: Charcot-Marie-Tooth disease (three hips), peripheral arthrogryposis (one hip), proximal femoral focal deficiency (one hip), multiple epiphyseal dysplasia (one hip), femoral growth arrest (one hip), and Legg-Calvé-Perthes disease (10 hips). One patient had femoroacetabular impingement secondary to a retroverted acetabulum after a previous PAO ( Fig. 1 ).
Ninety previous procedures were performed on these 67 hips (Table 1) . Eighteen hips had a prior pelvic osteotomy to correct for acetabular dysplasia, 21 hips had undergone a varus-or valgus-producing PFO, and 28 hips underwent a combined pelvic and PFO procedure. Three of the 18 prior pelvic-only procedures involved salvage osteotomies (Chiari osteotomy or shelf procedures), and four hips from the combined pelvic/PFO group included a salvage pelvic osteotomy. The reconstructive (nonsalvage) osteotomy procedures performed about the pelvis included Salter (13 hips), Dega (three hips), Pemberton (seven hips), Steele (three hips), and Ganz PAO (four hips) and unspecified osteotomies (10 hips). The time from each patient's index reconstructive hip procedure to PAO at one of our institutions was not specified in enough cases to be included in this study.
We performed a thorough history of ongoing symptoms and previous surgical procedures and examination of hip ROM in all patients. We also performed a radiographic analysis of AP pelvis and false-profile radiographs. Patients were considered candidates for PAO surgery if they had hip pain, radiographic evidence of acetabular dysplasia or retroversion, acetabular deformity that was correctible through the use of a PAO, Tönnis Grade 0 or 1 osteoarthritis (OA) [29] , and adequate hip motion (hip flexion of at least 90°). Patients were not considered good surgical candidates if they had advanced Tönnis OA (Grade 3 and 4), if their previous reconstructive hip surgery resulted in a severely incongruent joint, or if they had poor hip motion.
Mild preoperative joint incongruity was accepted in this more complex patient population.
We used a modified anterior [22] or Smith-Peterson [13] approach to perform the acetabular osteotomy procedure as previously described by Ganz et al. [6, 13] . Modifications in the surgical incision and approach were made on a caseby-case basis in hips that had undergone a previous pelvic osteotomy surgery when necessary. Previous hardware was removed if it would interfere with the osteotomy cuts or fixation of the osteotomy fragment. In no cases with previous pelvic osteotomy surgery was a separate surgical dissection performed to release or explore the sciatic nerve before PAO. A Cell Saver 1 device (Haemonetics, Braintree, MA, USA) was used for blood collection and reinfusion, and EMG peripheral nerve monitoring in the operative extremity was also utilized in all procedures at one of the institutions. We used intraoperative AP and false-profile views with fluoroscopic image intensification to monitor the osteotomy cuts, the reduction and correction of the osteotomy fragment, and screw fixation of the osteotomy fragment. Three, four, or five 4.5-mm cortical screws were used to fix the acetabular fragment. The goal for deformity correction was to improve femoral head coverage and to medialize the hip to help reduce the joint reaction force. When possible, we corrected the lateral center-edge angle (LCEA) and anterior center-edge angle (ACEA) to greater than 20°and the Tönnis angle to less than 10°, and we medialized the hip such that the most medial aspect of the femoral head was 5 to 10 mm lateral to the ilioischial line. In some hips with more severe deformity, this extent of correction was limited by the ability to obtain stable osteotomy fragment fixation because of deformity from previous surgery or because correction of the deformity would lead to an unacceptable limitation in postoperative ROM (\ 90°hip flexion). In these hips, a balance was accomplished that allowed adequate hip motion at the expense of complete correction of the radiographic parameters described above. In cases of severe acetabular retroversion, the anterior margin of the pubic ramus osteotomy was resected with a high-speed burr to facilitate correction and avoid binding on the remnant medial pubic osteotomy segment if necessary. On completion of acetabular fragment fixation, an anterior arthrotomy was variably performed (32 of 67 hips, 48%), and the ROM of each hip was assessed in all cases for impingement or residual deformity that limited postcorrection motion. We made an intraoperative decision based on this assessment to perform additional reconstructive procedures if necessary. A total of 42 hips (63%) had PAO only, while 25 hips (37%) had an additional procedure performed to reduce hip impingement or improved residual deformity. Thirteen hips had an osteoplasty at the anterior head-neck junction for impingement. Five hips had a varusor valgus-producing PFO performed to correct residual proximal femoral deformity, and three hips had a surgical hip dislocation procedure combined with advancement of the greater trochanter to functionally lengthen the femoral neck and improve hip offset. A total of four hips had both PFO and surgical hip dislocation with head-neck junction osteoplasty, labral repair, and trochanteric advancement to correct residual deformity. Two of the patients who underwent both PAO and PFO also had an adductor tenotomy to address an adductor contracture. In all these cases, the PAO was performed first, followed by the subsequent procedure on the femoral side of the joint if necessary. In cases with severe femoral deformity in which the deformity will not allow for the PAO correction to be performed, an initial femoral procedure to reduce this deformity may be necessary, but this situation did not occur in this series of cases. An epidural catheter was used in most patients for 24 to 48 hours postoperatively for pain control, and patients were encouraged to ambulate with the assistance of crutches or a walker under the supervision of a physical therapist on Postoperative Day 2. Weightbearing was limited to 50% body weight in most cases for 4 weeks. Once independence with ambulation and adequate pain control were achieved, patients were discharged from the hospital with instructions to participate in a physical therapy routine until their gait normalized or plateaued.
Patients returned to their surgeon's outpatient clinic at a minimum routine interval of 2 weeks, 6 weeks, 3 months, 6 months, and annually thereafter. We assessed hip function using the HHS [15] . Patients were assessed preoperatively and at subsequent postoperative followup clinic visits. One patient (two hips) in the cohort did not have a preoperative HHS, and this patient's postoperative score was excluded from the analysis. We defined clinical failure as a patient having persistent hip pain and progression of hip arthrosis requiring conversion to a THA. These patients (n = 5) were analyzed separately, and their hip scores and radiographic analysis were excluded from the remainder of the cohort. The average followup for the remainder of the patients was 60 months (range, 24-147 months). We noted the need for and type of subsequent surgical procedures and recorded the presence of complications using a version of the Clavien-Dindo complication classification system for general surgery [4] that was modified for hip preservation procedures [26] . In this scheme, complications are graded from 1 to 5 in severity, with each grade based on the long-term morbidity of the complication and the treatment necessary to manage the complication. A Grade 1 complication needs no change in postoperative care, Grade 2 requires modification in outpatient care, Grade 3 involves an invasive surgical or radiographic intervention, Grade 4 includes potential lifethreatening complications or those with high long-term morbidity, and a Grade 5 complication involves death.
Two orthopaedic joint reconstruction/hip preservation fellows (GGP, ENN) performed an unblinded radiographic analysis of preoperative and postoperative radiographic images for procedures performed at Washington University School of Medicine and Children's Hospital Boston, respectively. From AP and false-profile radiographs obtained at each clinic visit, the following measurements were performed: LCEA [2, 32] , ACEA [14, 18] , Tönnis angle [29] , medialization of hip center in millimeters, and Tönnis OA grade [29] . These measurements are widely accepted as reliable ways to quantify the extent of hip deformity and are useful to calculate the extent of correction [19, 27] . Preoperative and postoperative values at most recent followup for these measurements were compared to quantify the extent of deformity correction and to assess for the progression to OA. The presence of bridging bone across the osteotomy sites was used to determine radiographic evidence of osteotomy healing. One patient (one hip) did not have preoperative radiographs available for review, and her data were excluded from the analysis.
We used a paired Student's t-test to compare preoperative and followup radiographic measurements and clinical hip scores (Microsoft Corp, Redmond, WA, USA).
Results
The average preoperative and postoperative HHSs were 70 points (range, 24-97 points) and 81 points (range, 39-100 points), respectively, in the 62 hips that did not go on to clinical failure ( Table 2) . Forty-four hips (71%) had an improved HHS; the average improvement in HHS was 11.4 points. Thirty-eight hips (61%) had a HHS of greater than 80 points. Thirty-four patients (36 hips) had greater than 10-point improvement in their HHS. The pain component of the HHS was available and isolated in 59 hips, and postoperatively, the pain scores improved such that 49 hips (83%) had pain component scores of greater than 30 (none, slight, or mild pain), and 10 hips (17%) had pain component scores of less than 30 (moderate, marked, or disabling pain).
The radiographs suggested postoperative improvement in the correction of underlying hip deformity ( Table 3 ). The average change was 25°in LCEA (p \ 0.001), 23°in ACEA (p \ 0.001), 17°in Tönnis angle (p \ 0.001), and 8 mm in medialization of the hip center (p \ 0.001). Twelve patients (19.6%) had progression of their Tönnis OA grade by one grade. No hips had Tönnis Grade 3 OA preoperatively or at most recent followup. Five hips had reduction in their Tönnis Grade from 1 to 0.
In 54 of the 67 hips (81%), there were no complications, while 12 of the 67 hips had one complication and one had two, for an overall complication rate of 19% (Table 4 ). There was one Grade 1 complication, five Grade 2 complications, six Grade 3 complications, two Grade 4 complications, and no Grade 5 complications (Table 4 ).
Seven patients underwent a secondary surgical procedure for persistent pain and 45 patients had removal of their hardware ( Table 5 ). These procedures were performed to address residual deformity that was not completely corrected with the PAO procedure (one patient underwent a PFO) or subsequent labral pathology or symptomatic hip impingement (treated with arthroscopy or an open surgical dislocation procedure in five hips). Overall, this subgroup of patients had a decrease in their hip scores after their subsequent surgical procedure, with scores changing from 79 points (range, 57-97 points) preoperatively to 64 points (range, 39-83 points) postoperatively.
Five patients had incomplete resolution of their pain, showed radiographic progression of hip arthrosis, and underwent THA at an average of 79 months (range, 25-118 months) after their PAO ( Table 6 ). The average age of this group of patients was 18 years (range, 10-27 years). Of the failures, two of these patients had undergone a previous salvage procedure, one patient had undergone a combined pelvic and femoral procedure, one patient had undergone an isolated pelvic osteotomy, and one patient had undergone an isolated PFO.
Discussion
PAO is commonly used to surgically treat residual acetabular dysplasia. The outcome of this procedure in patients with more severe deformities that have undergone previous reconstructive pelvic or femoral osteotomies is not well known. We therefore analyzed hip pain and function (HHS), radiographic deformity correction, complications, reoperations, and early failures associated with PAO in hips treated with a previous reconstructive procedure (shelf, pelvic, and/or femoral osteotomy).
There are limitations to this study. First, we did not have a comparable control group. Because of the more complex deformities present in this cohort of patients, though, it is difficult to compare these patients with a historical control group of patients in which no previous reconstructive hip surgery has been performed. Second, while the average followup in this study was approximately 5 years, many patients had shorter followup. This underscores the importance of longer-term followup on this group of patients as the survivorship of these reconstructions is not known. Third, the details of many of the patient's previous hip operations were unknown to us at the time of their present evaluation and surgical intervention. Fourth, the patient population included in this study represents a heterogeneous group of patients with various diagnoses operated on for various indications, and therefore our findings may not be generalizable to all patients undergoing PAO after a previous reconstructive hip operation. The clinical scores in our patients improved on average 11 points. There are limited data in the orthopaedic literature on similar patients who have undergone PAO after previous hip reconstruction ( Table 7) . Mayo et al. [21] compared 19 hips in 18 patients who underwent PAO after a previous hip operation with a group of patients (104 osteotomies) without previous hip surgery. At an average followup of 45.4 months (range, 26-85 months), these hips had an average improvement in HHS of 30 points, and two patients went subsequently had THA. The authors found no difference in HHS between the groups. In a more recent study analyzing complications after PAO in adolescents, Thawrani et al. [28] included a subset of patients who had previously undergone reconstructive hip surgery. Of the 83 hips included in their series, 56% had undergone either pelvic or femoral osteotomy before their PAO. The authors found no difference in complications or radiographic deformity correction compared with the remainder of patients in their series when this subset was analyzed separately. While the HHS may have improved less in our series than previously reported [21] , it may be the case that the HHS underestimates the overall clinical improvement in this group of patients with complex deformities. Ten percent of the hips in our series were in patients with underlying medical conditions associated with their dysplasia (Charcot-Marie-Tooth, multiple epiphyseal dysplasia, proximal femoral focal deficiency, arthrogryposis, or femoral growth arrest), which may have affected their overall function, and thus their clinical hip score, in the absence of a painful hip. Our data suggest residual dysplasia deformities can be corrected in patients who have undergone previous reconstructive hip surgery procedures (Fig. 2) , and radiographic parameters indicative of appropriate deformity correction were achieved in most cases. The average improvement in LCEA, ACEA, and Tönnis angle of 25°, 23°, and 17°, respectively, is consistent with previous published results [3, 5, 7, 11, 17, 20, 25, 30, 31] that report ranges in improvement of 22°to 45°for LCEA, 16°to 44°for ACEA, and 5°to 26°for Tönnis angle in patients who underwent PAO. That the deformity correction achieved in our series of complex patients falls within the range accomplished in PAO-only patients is a testament to the power and versatility of this surgical procedure to correct residual acetabular deformity. Interestingly, the number of patients with Tönnis Grade 0 hips increased by five after PAO surgery. This likely does not represent actual regression in the degree of OA, but rather an improvement in the radiographic appearance of the joint space, which is better observed in the setting of less femoral head subluxation and improved femoral head coverage. This improved radiographic appearance results in a better Tönnis OA grade. Another consideration regarding the use of the Tönnis OA grade in joint-preserving surgery may be that it is less meaningful in lower grades of OA. Extensive focal articular cartilage damage can be seen in the absence [16] . Analysis of complication rates after PAO is confounded by the variability in methods in which complications are reported in the literature. In a systematic review of the literature, major complications were noted to occur in 6% to 37% of PAO cases performed [8] . Davey and Santore [12] also described the effect that the learning curve has on complication rates, citing a reduction in major complications from 17% to 3% when the first 35 PAO procedures performed by a surgeon were compared with the subsequent 35 procedures. The complications noted in our series ranged from benign superficial wound infections and paresthesias to a major nerve palsy. The majority of complications required either observation for resolution of transient nerve palsies or oral antibiotics to treat superficial infection. Seven hips (10%) experienced a complication requiring an additional surgical intervention or hospitalization, and only one patient (1.4%) had a complication that resulted in a permanent disability. We attribute the high number of nerve lesions in this series (seven hips, 10%) to the complex nature of the deformities encountered, requiring a greater degree of correction and potential retraction of neurovascular structures, and to the presence of scar tissue and nerve adhesions related to previous surgery that may make the nerves more susceptible to stretch injuries and retraction. THA was performed in patients in our series who had persistent hip pain after their PAO with radiographic evidence of progression of their arthrosis. The clinical failures requiring conversion to THA of 7% in our series (five patients) are similar to data previously reported in other series of patients receiving PAO. In case series with average followup of at least 4 years, the THA conversion rates range from 0% [3, 5, 7] to 6% [20, 31] to 14% [30] . Our data represent the failure rate at short-to medium-term followup, and with additional time, greater numbers of THA procedures will likely become necessary. The number of patients undergoing PAO after previous reconstructive hip surgery represents a relatively small fraction (10%) of patients who have undergone this procedure at our institutions, which further underscores the importance that multicenter longitudinal cohort studies play in the future to evaluate the overall failure rates of such patients. Only when the pooled data from multiple sites are combined with a standardized method of clinical evaluation, outcome, and radiographic interpretation of images will the numbers of such patients be sufficient to identify characteristics for success or risk factors for failure.
Our data suggest PAO performed after previous reconstructive hip surgery can improve hip function and correct residual dysplasia deformities. However, these procedures are inherently more complex than primary PAO, and there is a substantial risk of perioperative complications, reoperations, and early treatment failures. Fig. 2A-B (A) An AP pelvic radiograph shows the hips of a 46-yearold woman with a history of triple innominate osteotomy in adolescence. She presented with worsening symptoms related to the right hip. She had severe abductor insufficiency due to an abductor takedown at the time of her previous pelvic osteotomy. Clinically, she was diagnosed with symptomatic acetabular dysplasia with anterior instability. She was treated with a PAO, removal of previous shelf, and osteochondroplasty of the femoral head-neck junction. (B) Four years after surgery, the patient has an excellent clinical result. She has complete relief of pain but has limited hip function due to persistent abductor insufficiency related to her first surgery.
